ABSTRACT: Microfluidics is emerging as a promising platform for cell culture, enabling increased microenvironment control and potential for integrated analysis compared to conventional macroculture systems such as well plates and Petri dishes. To advance the use of microfluidic devices for cell culture, it is necessary to better understand how miniaturization affects cell behavior. In particular, microfluidic devices have significantly higher surface-area-to-volume ratios than conventional platforms, resulting in lower volumes of media per cell, which can lead to cell stress. We investigated cell stress under a variety of culture conditions using three cell lines: parental HEK (human embryonic kidney) cells and transfected HEK cells that stably express wild-type (WT) and mutant (G601S) human ethera-go-go related gene (hERG) potassium channel protein. These three cell lines provide a unique model system through which to study cell-typespecific responses in microculture because mutant hERG is known to be sensitive to environmental conditions, making its expression a particularly sensitive readout through which to compare macro-and microculture. While expression of WT-hERG was similar in microchannel and well culture, the expression of mutant G601S-hERG was reduced in microchannels. Expression of the endoplasmic reticulum (ER) stress marker immunoglobulin binding protein (BiP) was upregulated in all three cell lines in microculture. Using BiP expression, glucose consumption, and lactate accumulation as readouts we developed methods for reducing ER stress including properly increasing the frequency of media replacement, reducing cell seeding density, and adjusting the serum concentration and buffering capacity of culture medium. Indeed, increasing the buffering capacity of culture medium or frequency of media replacement partially restored the expression of the G601S-hERG in microculture. This work illuminates how biochemical properties of cells differ in macro-and microculture and suggests strategies that can be used to modify cell culture protocols for future studies involving miniaturized culture platforms. M icrofluidics is becoming a widely used tool for cell-based assays, enabling experiments with increased throughput, greater sensitivity, and controlled microenvironments that more closely represent in vivo conditions compared to conventional macroscale culture.
M icrofluidics is becoming a widely used tool for cell-based assays, enabling experiments with increased throughput, greater sensitivity, and controlled microenvironments that more closely represent in vivo conditions compared to conventional macroscale culture. 1−4 With the burgeoning use of microfluidics for cell culture, it has become increasingly important to consider how aspects inherent to microfluidics affect cell viability and behavior. Several groups have undertaken studies to investigate the effects of microfluidic device material 5−7 and factors such as gas exchange, 8, 9 evaporation, 10,11 dielectrophoresis, 12, 13 and mechanical stress 14−17 on microfluidic cell culture. In addition to these physical factors, it is also important to consider the biochemical effects of miniaturization on cell metabolism and stress. Previous studies have identified significant differences between micro-and macroscale culture with respect to cell proliferation, glucose metabolism, protein expression, and cells stress. 18, 19 These initial studies demonstrate the need for further characterization of the factors affecting cell behavior in microchannels. In particular, elucidating how stress responses differ in micro-and macroculture under a range of different culture conditions will provide insight that is transferable across a variety of microfluidic cell culture applications. Herein we use cardiotoxicity assays as a model microfluidic assay system through which to study some of the key factors affecting cell stress and assay performance, leading to improved culture conditions for microfluidic cardiotoxicity assays. The present study focuses on the static culture of adherent cells, where cells are seeded in microchannels using passive pumping, 20 adhere on the bottom surface of the microfluidic channel, and are maintained in culture without continuous flow. Protocols for culturing adherent cells on surfaces typically utilize a fixed surface seeding density, i.e., fixed number of cells per unit area. Surface-area-to-volume ratios are inherently higher in microfluidic channels than conventional cultureware such as well plates or flasks. Hence, if the same surface cell density is used in microchannel and well plate culture, the volume per cell is significantly reduced in microculture. In some studies, 21−23 the reduced culture volume in microscale has been beneficial, preventing the dilution of signaling molecules and in some cases enabling the development of in vitro models for paracrine signaling that have not been possible in larger volume well plate cultures. However, reduced culture volume may also be deleterious for cell health due to reduction of nutrients, growth factors, and media buffering capacity. 19 The rapid accumulation of metabolic waste can also pose a problem in microchannel cell culture.
Drug-associated cardiotoxicity can be lethal, and efficient methods for cardiotoxicity screening are crucial for pharmaceutical development. Among the targets for cardiotoxicity is the human ether-a-go-go related gene which encodes the hERG potassium channel that is key to normal cardiac repolarization. hERG-related cardiotoxicity occurs by two key mechanisms: (1) direct block of hERG channels and (2) inhibition of hERG protein trafficking from the endoplasmic reticulum (ER) to the cell surface. 24 Both mechanisms result in a reduction in hERG current to increase risk for drug-induced long QT syndrome and lethal cardiac arrhythmias.
We have previously adapted a known cell-based cardiotoxicity assay for microculture to boost throughput and reduce reagent consumption. 25 This previous high-throughput microfluidic assay used live-cell Western analysis to target compounds that act through trafficking inhibition using human embryonic kidney (HEK) cells stably transfected with wild-type (WT) hERG. 25 Additional macroscale assays have been developed by other groups that employ mutant trafficking-deficient hERG channel proteins, such as the G601S (glycine to serine at amino acid 601) missense mutation, to identify direct hERG channel blockers that act to correct the protein trafficking abnormality. 26−28 Furthermore, previous work has shown that G601S-hERG channel protein trafficking is also sensitive to environmental conditions such as temperature. 29, 30 Hence, one goal of this work was to determine if culture conditions that modulate cell stress in microchannels could alter the expression of G601S-hERG in microculture. By better understanding cell stress in microversus macroculture, we aimed to develop culture conditions that would permit expression of both G601S-hERG and WThERG in microculture so that high-throughput microfluidic assays could be used to identify and discriminate between drugs that act through the two key mechanisms of cardiotoxicity described above, or by both mechanisms; such an assay would advance the capabilities of microfluidic cardiotoxicity screening and provide an approach complementary to other recent microfluidic assays.
31−33
Herein we used parental HEK cells and HEK cells expressing hERG (WT and G601S mutant) as a unique model to characterize cell stress in microchannel culture and its influence on cellular behavior. We considered a number of factors such as serum concentration, glucose concentration, and lactate accumulation ( Figure 1 ) and additionally characterized the effects of culture time and cell seeding density on ER stress. A number of environmental stimuli, such as nutrient deprivation, can lead to ER stress, where unfolded protein builds up at the ER, triggering the unfolded protein response (UPR). 34 As part of the UPR, expression of chaperones that prevent protein aggregation and help facilitate protein folding is increased. Immunoglobulin binding protein (BiP), a HSP70 class chaperone, recognizes and binds unfolded proteins, keeping them in a folding-competent state so they can advance on the folding pathway. 34 Hence, we used BiP mRNA expression as a marker for ER stress. 35 Our studies of ER stress and waste accumulation suggested that media buffering capacity and the frequency of media replenishment should be increased when adapting conventional cell culture procedures for microchannels. These culture condition modifications will enable future microfluidic cardiotoxicity studies that distinguish between two common mechanisms of toxicity: direct block of hERG and interference with hERG protein trafficking. Furthermore, our investigation provides general insight into some of the factors that cause cell stress in microculture and will enable better design of future microfluidic cell culture experiments for other applications.
■ EXPERIMENTAL SECTION
M i c r o c h a n n e l D e v i c e P r e p a r a t i o n . P o l y -(dimethylsiloxane) (PDMS) microchannels were prepared as described in our previous work 25 using soft lithography methods. 36 Briefly, SU-8 photoresist (Microchem) was spincoated on a silicon wafer, soft-baked, exposed to UV light through a photomask to define channel features, baked, and developed with propylene glycol monomethyl ether acetate. PDMS channels were prepared using Sylgard 184 (Dow Corning) base silicone elastomer and the corresponding curing agent in a 10:1 weight ratio, which was poured on the SU-8 mold. After curing at 85°C for 4 h on a hot plate, the PDMS channels were removed from the mold, extracted with ethanol using a Soxhlet extractor, dried, and autoclaved. The PDMS channels were passively bonded to tissue culture treated 25 WThERG-HEK and G601S-hERG-HEK cells were previously described by Zhou et al. 37, 38 and Furutani et al., 39 respectively. HEK cells were cultured in complete minimum essential media (MEM) (Gibco) containing 1 g/L glucose, 10% fetal bovine serum (FBS), 0.1 mM nonessential amino acids (NEAA), penicillin (100 units/mL), streptomycin (100 μg/mL), and 1 mM sodium pyruvate, and incubated at 37°C with 5% CO 2 . When culturing WT-hERG-HEK and G601S-hERG-HEK cells, 400 μg/mL of the selective antibiotic Geneticin (Gibco) was added to the culture media. The media described above was used to maintain cells in culture and for all experiments unless alternate glucose and FBS concentrations are indicated. Cells used in this work were below passage 30.
Cell Culture in Microchannels. Microchannels were incubated with 6 μL of serum-free MEM overnight at 37°C; the media was replaced with complete media containing serum 30 min prior to cell seeding. As described previously, 25 HEK, WT-hERG-HEK, and G601S-hERG-HEK cells from flasks were trypsinized, counted, and resuspended in culture media at 1000−4000 cells/μL. An amount of 3.2 μL of cell suspension was added to each microchannel via passive pumping. For all experiments except where indicated in Figure 4 and Figure 7 , parts c and d, cells were seeded at a density of approximately 630 cells/mm 2 . To prevent evaporation, the omnitray or Petri dish containing the microchannel devices was placed in a humidified tray containing distilled water and incubated at 37°C with 5% CO 2 . Analysis of Glucose Concentration. Glucose concentration in recovered culture media was determined using the QuantiChrom glucose assay kit (BioAssay Systems) according to the manufacturer's protocol. Briefly, the media from either 96-well or microchannel culture was transferred to a lowretention microcentrifuge tube and then centrifuged at 12 000 rpm to remove cell debris. Then 2.5 μL of the supernatant was mixed with 500 μL of glucose assay reagent and boiled for 8 min. After cooling on ice, samples were transferred to a 96-well plate, analyzed via plate reader (SpectraMax Plus 384) colorimetric assay at 630 nm, and compared to a standard curve.
Analysis of Lactate Concentration. Lactate concentration in the culture media was determined using Enzychrom Llactate assay kit (Bioassay Systems) according to the manufacturer's protocol. Samples were collected and centrifuge clarified as above in the glucose assay. An amount of 2.0 μL of sample was added to 96-well plate containing 18 μL of serumfree MEM, and then mixed with 80 μL of working reagent containing enzymes, NAD, and MTT. The differences in OD565 between time zero and 20 min of incubation at RT were used to determine the sample L-lactate concentration from the standard curve.
Analysis of Gene Transcription by Reverse Transcription-Quantitative Polymerase Chain Reaction (RTqPCR). mRNA was isolated from cells cultured in 96-well plates or microchannels using Oligo-dT Dynabeads (Invitrogen). To keep the amount of mRNA consistent, the entire mRNA sample isolated from channels was used to prepare cDNA, whereas one-third of the mRNA isolated from 96-well plate culture was used. To prepare cDNA, mRNA was incubated with 250 ng of random primers (Promega, C1181), 40 U of RNasin Plus RNase inhibitor (Promega), 1 μL of 10 mM dNTP mix (Promega, C1141), and 200 U of Superscript III reverse transcriptase (Invitrogen, 18080) at 50°C for 1 h following supplier instructions. Real-time qPCR was performed on an ABI StepOne sequence detection system (Applied Biosystems) using TaqMan qPCR master mix (Applied Biosystems) along primer/probe sets from Applied Biosystems for BiP (Hs99999174_m1) and β-actin (Hs99999903_m1), which was used as a housekeeping gene to normalize the total amount of mRNA in each sample. Results are reported as BiP expression relative to the expression of actin. All PCR products had a denaturing step of 95°C for 15 s and an annealing/ extension step at 65°C for 1 min for a total of 40 cycles. Quantification of mRNA was calculated using five serial dilutions of the same gene over a range that encompassed the values observed in the biological samples.
Western Blot Analysis. Western blotting was performed as described previously. 25, 37, 38 Briefly, cells were lysed with lysis buffer and collected from microchannels. To facilitate equal protein loading, protein concentration in the cell lysates was first measured with a micro-BCA protein assay reagent kit (Pierce, Thermo Scientific). Protein was subjected to electrophoresis on a 4−12% NuPAGE gel (Invitrogen) and subsequently transferred electrophoretically onto nitrocellulose membranes. Primary antibody rabbit anti-hERG (Cruz, sc-20130, 1:1000) and mouse antiactin monoclonal antibody (MP Biomedicals, 69100, 1:10 000) were incubated with the membrane overnight at room temperature. Then, the membrane was incubated for an hour with IR dye 800 CWconjugated donkey antirabbit IgG (Rockland, 611-731-127) and IR dye 680-conjugated goat antimouse IgG (LI-COR, 926-32220) secondary antibodies both at 1:10 000 dilution. Finally, protein bands were visualized by scanning the membrane at 700 and 800 channels using a LI-COR Odyssey scanner (LI-COR). For quantification of Western blots shown in Figure 7 , parts b and d, and Figure 8b , ImageJ was used to determine the integrated density of the bands.
Imaging. Cells were seeded at a density of 630 cells/mm 2 in 24-well or PDMS microchannels sitting inside a 24-well. Phase contrast images were taken at 10× magnification using an Olympus IX70 microscope equipped with an ORCA-AG CCD camera (Hamamatsu).
Statistics. In each figure caption, n refers to the number of channels and wells used in each experiment. For all figures, except those indicated below, statistical significance was determined using two-sample two-tailed t tests, with p < 0.05 indicated as significant. One-sample t tests were used in Figures  7d and 8b to compare the experimental values with the value 1. For analysis of data presented in Figure 3a , analysis of variance (ANOVA) tests were performed to evaluate if BiP expression differed significantly within the 96-wells and within the microchannels treated with different serum concentrations; in cases where p < 0.05, further cross-comparisons were evaluated for significance using the Tukey's multiple comparison test.
■ RESULTS AND DISCUSSION
BiP is Upregulated in Static Microchannel Culture. In microculture less volume is available for nutrient storage and waste accumulation per cell, potentially causing cell stress. We used parental HEK and HEK cell lines expressing WT-and Analytical Chemistry G601S-hERG to investigate the effects of different microfluidic culture conditions using BiP as a molecular marker for ER stress. In all three cell lines, BiP transcription (determined by RT-qPCR) was significantly upregulated in cells cultured in microfluidic channels compared with those cultured in the 96-well plate, after 24 h in culture (Figure 2) . In G601S-hERG-HEK cells, we monitored BiP expression after 24 and 48 h in culture. Notably, levels of BiP mRNA were significantly higher at 48 h than those at 24 h in microchannel culture, suggesting increased cell stress over time, potentially caused by nutrient reduction and/or waste accumulation. A similar trend of BiP upregulation in microculture was seen in both MMF (mouse mammary fibroblasts) 19 and NMuMG (normal murine mammary gland epithelial) cells (see the Supporting Information, Figure S-1) when they were cultured in the microfluidic channels, indicating that these results may be generalizable to other cell types.
Effects of Medium Replenishment, Serum, and Seeding Density on Cell Stress. Serum used to supplement cell culture media contains hormones and growth factors, which play critical roles in regulation of cell growth and function. To investigate whether reduced nutrient availability in microchannels contributes to the mechanism inducing increased ER stress, we studied the effect of medium replenishment and different initial concentrations of serum on BiP expression. Media was changed after 21 h in culture, and BiP mRNA levels were measured 3 h after the media was replenished. Medium replenishment resulted in a decrease in BiP levels in comparison to cells cultured without medium replenishment, indicating that replenishing the media alleviates cell stress (see the Supporting Information, Figure S-2a) . However, subsequent experiments with increased frequency of medium replenishment (6−12 h intervals) indicated that overfeeding can lead to abnormal cellular morphology (see the Supporting Information, Figure S-2b) .
Changing the culture media both replenishes serum components and removes waste products and secreted factors. To specifically address the effect of serum supply on the cell stress in microfluidic culture, HEK and WT-hERG-HEK cells were cultured in media containing concentrations of serum ranging from 2.5% to 20% (Figure 3a) . In HEK cells, levels of BiP mRNA were significantly upregulated in the microfluidic culture system compared with well culture at 2.5% and 5% serum. In these experiments, BiP expression in HEK cells cultured in channels was not significantly upregulated compared to well culture when 10−20% FBS was used. In the WT-hERG-HEK cells, BiP was significantly upregulated in microculture compared with well culture at 5%, 10%, and 20% serum.
In addition to the macro-versus microscale comparisons indicated above, we also observed trends within the 96-well data and within the microculture data shown in Figure 3a ; in data sets with significant variation (p < 0.05 by ANOVA) individual data points were compared using the Tukey's test, with p < 0.05 indicated as significant in the following discussion. In the 96-well culture system, levels of BiP mRNA in parental HEK and WT-hERG-HEK cells were comparable across serum concentrations. A notable exception is that BiP mRNA was significantly higher in the WT-hERG-HEK cells cultured with 2.5% than 5%, 15%, and 20% serum. Within the microchannel data, levels of BiP mRNA were significantly upregulated in HEK cells cultured with 2.5% serum in comparison to 10% and 15% serum. BiP expression in microcultured WT-hERG-HEK cells was not significantly reduced across the different serum conditions tested. That BiP expression remained high in WT-hERG-HEK cells in microculture even at high serum concentrations might be attributed to the fact that chaperone activities at the ER are elevated in this cell line compared to parental HEK cells as hERG protein is processed at the ER.
Serum contains factors that help facilitate initial attachment and survival. Varying the serum concentration from 2.5% to 20% FBS seemed to have little effect on the cell attachment and spreading in the HEK cells seeded in a 24-well plate ( Figure  3b) . In contrast, a change in serum concentration from 2.5% to 20% had obvious effects on HEK attachment and spreading in microfluidic channels (Figure 3b ), which might be attributed to the reduced culture volume and concomitant reduction in serum per cell in microculture versus well culture. HEK cell attachment and spreading in microchannels improved at 15% and 20% serum compared to 10% serum; however, spreading was still reduced compared to the well plate culture. The recovery at higher serum concentrations in microculture suggests that the changes in cell attachment and morphology result from a concentration effect and are not necessarily inherent to microculture. Indeed, when HEK cells were cultured in 24-well plates using a further reduced serum concentration (0.125% serum) the attachment was reduced and cell morphology was affected (see the Supporting Information, Figure S-3a) . The attachment and spreading of WT-hERG-HEK and G601S-hERG-HEK cells showed a similar trend to parental HEK cells at the varied concentrations of serum when they were cultured in the microfluidic channels, compared to the well culture (Supporting Information Figure S RT-qPCR analysis showed BiP mRNA expression was significantly higher in microchannels than 96-wells for all three cell lines. Results are the average ± standard error (SE); n = 3 (wells) and n = 3−4 (microchannels). culture, even at a 2.5% serum. However, cell attachment and spreading was relatively poor in the microfluidic channels, particularly at lower serum concentrations. Interestingly, the serum concentrations affected cell spreading to different degrees in a cell-type-dependent manner. The WT-hERG-HEK cells exhibited the most pronounced difference, with reduced cell size when cultured in microfluidic channels compared to well/flask culture. WT-hERG-HEK cells were also the most sensitive to very low serum concentration (0.125%) in well culture.
Analytical Chemistry
The reduction in serum available per cell in microculture should be considered in experimental design, especially in future work requiring low-serum conditions as is necessitated by many experiments in order to observe specific biological responses. Experimental conditions for low-serum culture have already been developed for a variety of conventional assays in well plate culture, but these conditions often need to be modified when adapting an assay for microculture. For example, the mouse myofibroblast cell line UGSM-2 40 can be cultured under low-serum conditions (0.5% FBS) in 96-well plates, but to optimize conditions for microculture Domenech et al. employed slightly elevated serum concentrations (3.5% FBS) for low-serum assays with UGSM-2 cells in microchannels. 22 For many low-serum assays, increasing the serum concentration several fold may be necessary to maintain cells in microculture.
Increasing cell density in microfluidic culture further limits the amount of media per cell, making it challenging for cells to obtain nutrients and growth factors. This effect is particularly relevant in media containing low levels of serum. To determine the effect of cell seeding density on cell stress, HEK and WThERG-HEK cells were cultured with standard media with 10% serum in microfluidic devices and a 96-well plate. The cells were seeded at densities of 160 or 1300 cells/mm 2 . At the low seeding density there was not a significant difference between BiP expression in microchannels and wells. In contrast, at the higher seeding density, BiP expression was significantly higher in microchannels than in wells (Figure 4) . Overall, our results support the hypothesis that increased cell seeding density increases cell stress when cells are cultured in low-volume conditions such as microculture.
Glucose Is Rapidly Depleted in Microculture. Glucose is a source of energy in cell culture media, and glucose depletion can lead to increased ER stress. In fact, the ER stress marker BiP was first identified in glucose-deprived cells and was originally named Grp78 (glucose-regulated protein). 41 Our previous studies with MMF cells have indicated that the glucose RT-qPCR analysis indicated that BiP expression was significantly higher in cells cultured in microchannels than in 96-well plates at high seeding density (1300 cells/mm 2 ), whereas no significant difference was observed between BiP expression in microchannels and 96-well plate culture at 160 cells/mm 2 . Cells were cultured for 24 h in media containing 10% FBS and 1 g/L glucose. Data are the mean ± SE; n = 3.
depletion rate is higher in cells cultured in microfluidic devices than macroscale cultureware. 19 We hypothesized that the upregulation of BiP may be connected to glucose starvation in the microfluidic system. To address this hypothesis, we determined if the glucose depletion from the media was faster in parental HEK and WT-and G601S-hERG-HEK cells cultured in microchannels than in 96-well plate culture ( Figure  5 ). The cells were cultured with media containing either standard (1 g/L) or high (4.5 g/L) glucose concentrations. In the three cell lines, rapid glucose consumption was seen in the microfluidic device after 24 h of culture when the standard glucose-containing media was used, resulting in significantly lower levels of residual glucose in microculture compared with well culture. When the higher glucose-containing media was used, a significant difference between residual glucose in microculture and well culture was only observed in the G601S-hERG-HEK cells, not in HEK or WT-hERG-HEK cells. Surprisingly, increasing the glucose concentration did not alter the transcription of the BiP gene in microfluidic culture (see the Supporting Information, Figure S-4) . It is worth noting, however, that, due to the increased surface-area-tovolume ratio in microculture (1.1 mm 2 /μL in microchannels vs 0.15 mm 2 /μL in 96-well plates), the number of glucose molecules available per cell varies by a factor of approximately 7, meaning that the number of glucose molecules available per cell is higher at the standard glucose concentration in wells than at the high glucose concentration in microchannels.
Accumulation of Metabolic Waste Is More Rapid in Microfluidic Cell Culture. To determine if waste accumulation is faster in microfluidic culture, the concentration of lactate, one of the main metabolic waste products in the media, was measured. The cell culture media was collected from microfluidic and well culture at 24 and 48 h post seeding ( Figure 6 ). Lactate accumulated rapidly in microfluidic culture, reaching high levels after just 24 h in culture. There was no further increase in lactate concentration between 24 and 48 h in microfluidic culture. In contrast, for all three cell lines, a significant increase (p < 0.005) in lactate concentration was observed in well culture from 24 to 48 h when 200 μL of culture media was used. For all three cell lines, the lactate concentrations were significantly lower in the 96-well plate than in the microchannel at both 24 and 48 h when 200 μL of culture media was used. Interestingly, when 50 μL of culture media was used in 96-well plate culture, significantly higher concentrations of lactate were observed after 24 h than when 200 μL of culture media was used. The volume of media used in cell culture has a clear effect on the final media concentration of metabolic waste generated by living cells.
Other groups have observed a reduction in cell culture performance due to accumulation of lactate in large-scale batch culture systems. 42−44 Lactate accumulation adversely affected growth in Chinese hamster ovary (CHO) cells. 43 Duval et al. showed that lactic acid concentrations generated in hybridoma cell culture were cytotoxic and that in their system lactate toxicity results from its effect on medium pH. When lactic acid was neutralized, its toxicity to hybridoma cell cultures was essentially eliminated. 42 Medium Replenishment Increases the Expression of Mutant G601S-hERG Protein in Microfluidic Culture. The parental HEK and HEK cells stably expressing WT-and G601S-hERG were seeded at 630 cells/mm 2 in microfluidic channels or in a 96-well plate and cultured for 48 h. Western blot analysis of the cell lysates from WT-hERG-HEK cells showed two protein bands, representing two forms of hERG proteinthe immature core-glycosylated form that remains at the ER (135 kDa) and the functional N-linked glycosylated mature form that is exported to the cell membrane (155 kDa), as expected based on previous characterization of this cell line. 37, 38 The G601S-hERG-HEK cells expressed trafficking deficient mutant hERG, only showing the 135 kDa form of the protein (Figure 7a ) as demonstrated in previous work. 39 As expected, HEK parental cells did not express hERG protein.
There was no apparent change in WT-hERG expression Figure 5 . Effect of initial glucose concentration on glucose level in cell culture supernatant after 24 h cell culture. Cells were cultured in media containing standard (1 g/L) and high (4.5 g/L) glucose concentrations. Cells were seeded at a density of 630 cells/mm 2 and cultured in media containing 10% FBS. At 24 h post seeding, the cell culture supernatant contained significantly less glucose in microchannels than 96-wells when media containing 1 g/L glucose was used. When a higher initial glucose concentration (4.5 g/L) was used, the glucose concentration in microchannels was only significantly lower than that in wells for the G601S-hERG-HEK cells. Data are the mean ± SE; n = 3 (wells) and n = 5 (microchannels). Figure 6 . Lactate accumulates rapidly in microculture. Cell culture media from the same surface seeding density contained significantly higher concentrations of lactate in microchannels than 96-wells supplied with 200 μL media/well at both 24 and 48 h. The lactate concentration was also significantly higher in 96-wells supplied with 50 μL of media than in wells supplied with 200 μL of media after 24 h in culture. Cells were seeded at a density of 630 cells/mm 2 and cultured in media containing 10% FBS and 1 g/L glucose. Data are the mean ± SE; n = 3 (wells) and n = 4 (microchannels).
between the 96-well plate and microfluidic channels ( Figure  7a) . However, the expression of G601S-hERG was obviously downregulated in the microfluidic channels compared with that in the 96-well plate at 48 h post seeding. To determine if medium replenishment could enhance the G601S-hERG expression, we increased the frequency of medium replenishment (12−24 h interval). With frequent medium replenishment, G601S-hERG expression was partially restored in the microfluidic channels ( Figure 7 , parts a and b), with no apparent change in expression in 96-well plate culture.
To further determine if the effect of culture volume on the G601S-hERG expression was device-independent, the parental HEK cells and WT-and G601S-hERG-HEK cells were seeded in a 96-well plate and cultured with either 200 or 50 μL of culture media for 48 h. Western blot analysis showed downregulation of G601S-hERG expression in the 96-well culture with 50 μL/well culture media compared with 200 μL/ well culture media (Figure 7 , parts c and d). Our results suggest that the 4-fold reduction in volume of culture media was sufficient to alter the expression of G601S-hERG in the 96-well plate, further supporting the hypothesis that decreased expression of G601S-hERG in the microfluidic channels could be attributed to the limited volume of culture media.
Addition of HEPES to Culture Media Partially Restored the Expression of Mutant G601S-hERG Protein in Microfluidic Culture. Since our results showed that lactate accumulated rapidly in microchannels (Figure 6 ), we determined if increasing the buffering capacity of the culture media affects G601S-hERG expression in the microfluidic channels. HEPES buffer is not included in the standard media for these cells, so we added HEPES buffer to increase media buffering capacity. Figure 8 shows that introducing HEPES buffer at concentrations as low as 10 mM to the cell culture media allowed for partially restored G601S-hERG expression in the microfluidic channels after 48 h in culture. Interestingly, increasing the buffering capacity of the culture media resulted in similar levels of G601S-hERG expression to those observed with medium replenishment. Taken together with the measured accumulation of lactate in channels ( Figure 6 ) these results suggest that the reduced expression of G601S-hERG in the microfluidic culture might be partially attributed to pH change and can therefore be partially rescued by properly adjusting the 12) , and 1300 cells/mm 2 (lanes 7 and 13). Actin was used as a loading control. Each lane includes samples combined from 2−3 wells; an equal amount of protein was loaded onto the gel in each lane as described in the Experimental Section. (d) Quantification of hERG expression shown in part c. The ratio of hERG expression (normalized to actin) from cells cultured in 50 μL of media to that from cells cultured in 200 μL media is plotted for four seeding densities. In each case the ratio is less than 1, indicating a trend of reduced hERG expression in 50 μL culture volumes; * indicates that the ratio is significantly different from 1 (p < 0.05). Data are the mean ± SE from two independent experiments for 950 cells/mm 2 and three independent experiments for all other seeding densities.
buffering capacity of the culture media. This also suggests that metabolic waste accumulation may not be negligible in microchannel culture even if waste accumulation is negligible in flask/well culture under our experimental conditions.
■ CONCLUSION
Microfluidic technologies for cell culture bring to bear the control of microfabrication and the sensitivity of integrated analytical methods on fundamental biological questions. To advance the use of microculture techniques, further characterization of how cell behavior differs in microscale and macroscale systems is required. The work presented herein provides an investigation of how cell stress is affected by different microscale culture parameters particularly important for improving microfluidic cardiotoxicity assays, providing insight needed to help design further microfluidic approaches for cell biology. Studies of additional factors that affect cell behavior, such as oxidative stress, are ongoing within our laboratory.
We have previously shown that HEK and WT-hERG-HEK cells could be cultured in microchannels and used for cell-based cardiotoxicity assays. 25 WT-hERG-HEK cells express a comparable amount of hERG protein in microchannel culture and in 96-wells and hold great promise for usage in microfluidic-based high-throughput drug toxicity screening. 25 In contrast, when G601S-hERG-HEK cells were cultured in microchannels, trafficking deficient G601S-hERG expression was significantly reduced, limiting the use of microculture for testing drug toxicity. Interestingly, frequent medium replenishment partially restored G601S-hERG expression, potentially indicating that shortage of nutrients in microchannels or the rapid accumulation of metabolic waste affects protein expression, especially for longer culture times (>24 h). It is known that G601S-hERG in stably transfected HEK cells is sensitive to environment temperature. 29, 30 Considering the known sensitivity of mutant hERG and the observed reduction in G601S-hERG levels in microchannel culture, HEK, WThERG-HEK, and G601S-hERG-HEK cell lines served as a good model system to investigate the differences between microchannel culture and macroscale culture, particularly with regard to cell stress. This study developed improved microculture conditions that can be applied to both future experiments with other cell lines and can also be used to increase the repertoire of available microfluidic cardiotoxicity assays. Specifically, the culture conditions developed in this study facilitate expression of G601S-hERG in microculture, potentially enabling microfluidic technology to be used in the future for assays that rely on the mutant G601S-hERG to distinguish between hERG blockers and compounds that inhibit hERG trafficking. 26−28 This work elucidates important differences between microand macroscale cell culture and demonstrates methods for improving culture conditions in microchannels. Due to the elevated culture density in microchannels, cells are more susceptible to nutrient shortage and buildup of metabolic waste as evidenced by differences in cell attachment and morphology and increased expression of the cell stress marker BiP. Depending on the application, cell culture protocols need to be modified during miniaturization. On the basis of our findings, feeding cells more frequently (∼24 h) is recommended for sensitive cell types. Our results also indicate that adjusting the serum concentration and/or buffering capacity of the cell culture media is necessary for some biological applications. Microculture is being used increasingly to conduct experiments where enhanced control over cell microenvironment, reduced cell and reagent consumption, or higher throughput is required. This work advances our understanding of how cells behave in microculture and will inform the design of future microculture experiments, helping to refine culture conditions for this evolving platform technology. 5 and 6, respectively) . Each lane includes samples combined from four channels; an equal amount of protein was loaded onto the gel in each lane as described in the Experimental Section. (b) Quantification of hERG expression from G601S-hERG-HEK cells shown in part a (lanes 4−6) normalized to expression in control (lane 3 in part a). (hERG expression was first normalized to actin and then normalized to control.) In each case the ratio is greater than 1, indicating a trend of increased hERG expression with medium replenishment and HEPES addition compared to control; * indicates that the ratio is significantly different from 1 (p < 0.05). Data are the mean ± SE from three independent experiments.
